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Abstract—Soft robots have attracted much attention in recent 
years owing to their high adaptability. Long articulated soft 
robots enable diverse operations, and tip-extending robots that 
navigate their environment through growth are highly effective 
in robotic search applications. Because the robot membrane 
extends from the tip, these robots can lengthen without friction 
from the environment. However, the flexibility of the membrane 
inhibits tip retraction. Two methods have been proposed to 
resolve this issue; increasing the pressure of the internal fluid to 
reinforce rigidity, and mounting an actuator at the tip. The 
disadvantage of the former is that the increase is limited by the 
membrane pressure resistance, while the second method adds to 
the robot complexity. In this paper, we present a tip-retraction 
mechanism without bending motion that takes advantage of the 
friction from the external environment. Water is used as the 
internal fluid to increase ground pressure with the environment. 
We explore the failure pattern of the retraction motion and 
propose plausible solutions by using hydrostatic skeleton robot. 
Additionally, we develop a prototype robot that successfully 
retracts by using the proposed methodology. Our solution can 
contribute to the advancement of mechanical design in the soft 
robotics field with applications to soft snakes and manipulators.  
 
Keywords—Soft Robot Materials and Design, Mechanism 
Design 
I. INTRODUCTION 
In recent years, soft robots have received increasing 
attention. Particularly, long multi-segmented robots are highly 
articulated to enable diverse operations (e.g., varied task, 
wide-range movement) [1] and applications (e.g., robot arms 
and snake-type robots) [2][3][4]. Additionally, articulated 
robots can deform the robot to a smaller radius of curvature by 
increasing the number of joints, shortening the length of each 
joint, and increasing the overall length. For example, in a 
search robot navigating in a narrow area, the smaller the 
curvature is, the more the movement range increases [6] [7]. If 
a long segmented robot is composed of a soft body, it can be 
regarded as a highly articulated and extremely small link, and 
can be deformed with a smaller curvature [5]–[7].  
Among long soft robots, tip-extending robot have been 
proposed [8]–[15] and have shown high effectiveness, 
especially in the field of search robotics. Tip-extending robots 
carry a mechanism that allows the membrane to grow from the 
end point. The advantage of this mechanism is that the tip can 
extend without friction from sliding against the environment.  
 
 
 
Most of the tip-extending search robots have a single snake 
structure without branches in the main body. If branches are 
attached at the end of the extension, it is possible to search 
exhaustively and efficiently using a single actuator. As a latest. 
research, we have composed the branched tip extension 
mechanism [18]. Lucarotti et al. also proposed the 
development of a robot that extends and branches out, inspired 
from plant roots. However, these researches could not 
successfully retract the tip yet. 
Creatures, such as some type of nemertea, have been 
reported to carry a tip-extending mechanism in their proboscis 
that can branch, extend, bend, and retract (Fig.2) [19]–[21]. 
They use this structure for predation and locomotion. 
Nemertea can extend and retract their proboscis repeatedly by 
applying internal pressure [22][23]. These features are not 
achieved by conventional tip-extending robots. The most 
challenging part is the retraction mechanism because tip-
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extending robots are often constructed with a soft membrane 
that allows the extension and folding of the tip. When the 
membrane is pulled during retraction, buckling occurs at the 
base where large moment is applied [25]. 
The goal of this study is to realize a tip-extending 
mechanism that can branch, extend, curve, and retract inspired 
by the proboscis of nemertea. Further, we analyze the 
deformation modes when retracting the tip of a simple straight 
tip-extending robot. 
The main contributions of this study are the exploration of 
the retraction fails modes of a torus-type tip-extending robot 
and the conditions for its occurrence and the development of a 
method that prevents buckling even when the robot body is 
composed of a soft membrane. This paper is structured as 
follows. In Section II, we discuss the factors that cause 
buckling and study the mechanical conditions the retraction. 
In Section III, we present the development of a prototype 
design. In Section IV, we perform experiments to validate the 
effectiveness of the proposed mechanism, and in Section V 
includes our conclusions and scope of future work. 
II. PRINCIPLE 
Alison et al. proposed two methods for successfully 
retracting the tip. First, they increased the stiffness of the 
robot by applying high pressure [24]. However, retraction was 
only possible for high pressure resistance which was difficult 
to achieve owing to the thin robot material. Second, an 
actuator was mounted at the tip to fold back the membrane of 
the robot. Nevertheless [25] [26], this solution complicates 
the structure of robot, especially if it is branched. In this study, 
we consider the retraction mechanism of the robot at low 
pressure to enable the retraction without depending on the 
pressure of the working fluid. 
A. Prototype and model 
Fig. 3 shows the structure of a torus-type tip-extending 
robot. Both ends of the robot are folded back from the outer to 
the inner membrane. The inner membrane is connected on the 
inside, while both ends of outer membrane are fixed to the 
center joint. When the inner membrane is pulled by a factor 𝛿𝛿 
to the left, the length of the right side contracts by 𝛿𝛿 /2, and the 
left side extends by 𝛿𝛿 /2, as illustrated in Fig. 3. Then, a joint 
is provided in the middle to connect with the outer membrane, 
and the inside is filled with fluid injected from the joint.  
By symmetrically connecting the two tip-extending 
structures, we achieve certain advantages compared to the 
single mounting structure. First, since there is no volume 
change while the robot moves, there is no pressure change 
when retracting. Second, the force required for contraction is 
small and constant because tension is applied to both ends of 
the inner membrane and is, thus, balanced.  
Conventionally, robots are pneumatically driven, but in 
this paper, we use water as the internal fluid. Therefore, the 
lower side of the outer membrane is always in contact with the 
ground surface owing to the added weight. This is discussed in 
detail in Section II-C (iii). 
B. Forces acting on the torus body 
The straight torus-type robot presented in the previous 
section can be bent in the middle, while keeping its shape 
owing to friction from the ground because the pressure of the 
working fluid is low and ground pressure is large. Fig. 4 shows 
the free body diagram when elbow of the robot is retracted 
from the tip. The moments generated in the body are discussed 
as follows. 
Note that the model assumes a circular cross section, and 
the inner membrane can be regarded as a wire without volume. 
It is also assumed that the membrane does not expand or 
contract owing to the generated force. 
(i.) 𝑀𝑀𝑡𝑡：Bending moment owing to tip tension T 
The moment when tension Tt is generated at the tip as 
shown in Fig. 4 and Fig.6 (a) is described as 
𝑀𝑀𝑡𝑡 = 𝑟𝑟𝑡𝑡 ∙ 𝑇𝑇𝑡𝑡 = 𝑑𝑑𝑑𝑑𝑇𝑇𝑡𝑡/��𝑑𝑑2�2 + 𝑑𝑑2 (1) 
where d is the diameter of the body. Then, using the force 
𝐹𝐹0 required to fold the tip back, 𝑀𝑀𝑡𝑡 can be expressed as  
Fig.3 Schematic of a torus tip-extending robot  
Fig.4 Free body diagram with the forces acting on the torus body 
(a) Pre-bending shape 
 
(b) Straight shape  
θ/2
Bending corner
Bending point
Mp
Mf
Tt
d
Fc
L
M
Mt
θ
d/2
d
d
Tt
Joint part
Inner mambrane
Mt
T
Fluid filled
body
δ
δ/2δ/2
Water input
Inner mambraneOuter mambrane
Joint part
Tip Filled with water
  
𝑀𝑀𝑡𝑡 = 𝑑𝑑𝑑𝑑𝐹𝐹0/��𝑑𝑑2�2 + 𝑑𝑑2 (2) 
(ii.) 𝑀𝑀𝑏𝑏: Bending moment owing to friction generated at 
the bending corner 
When the inner membrane is bent along the bending corner, 
the bending moment is generated by the frictional force. 
According to Euler's belt theory, when the inner membrane 
bent at a pre-bending angle θ starts to slip, the tension 𝑇𝑇b at the 
base is 
𝑇𝑇𝑏𝑏 = 𝐹𝐹0𝑒𝑒𝜇𝜇𝑏𝑏𝜃𝜃 , (3) 
Where  𝜇𝜇𝑏𝑏 is the coefficient of friction between membranes．
The force  𝐹𝐹𝑐𝑐 applied from the inner to the outer membrane can 
be expressed as follows 
𝐹𝐹𝑐𝑐 = 𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑡𝑡 = 𝐹𝐹0�𝑒𝑒𝜇𝜇𝑏𝑏𝜃𝜃 − 1�. (4) 
If the base side of the robot is sufficiently long, 𝐹𝐹𝑓𝑓 can be 
working in parallel with the outer membrane at the root, so the 
bending moment 𝑀𝑀𝑐𝑐 owing to friction is given as follows 
𝑀𝑀𝑐𝑐 = 𝐹𝐹0d�𝑒𝑒μb𝜃𝜃 − 1�/𝑐𝑐𝑐𝑐𝑐𝑐(θ/2). (5) 
(iii.) 𝑀𝑀𝑓𝑓: Moment of resistance generated by friction with 
the ground 
The maximum value of the bending moment owing to 
friction is expressed by the following equation. 
𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜌𝜌𝜇𝜇𝜌𝜌𝑙𝑙22 , (6) 
Where 𝜌𝜌, 𝜇𝜇,𝜌𝜌 are the mass of the body per unit length，the 
coefficient of friction between the body and the ground，and 
the gravitational acceleration, respectively. 
(iv.) 𝑀𝑀𝑝𝑝: Moment to return to a straight line by pressure 
We experimentally calculated the moment 𝑀𝑀𝑝𝑝, at which 
the body tries to return to the original state by applying 
pressure. Note that it is small because the pressure is low. A 
detailed explanation of this is provided in II-C (iii) 
C. Modes of deformation 
It was found that the mode of retraction failure was not 
uniform but changed to various shapes just by pulling the inner 
membrane when the torus-type tip-extending robot was 
operated with water. Through experiments, we found that the 
deformation pattern of the robot was determined by its initial 
shape. The classification of this deformation pattern and its 
cause are summarized below. 
(i.) Straight-bending 
In this phenomenon, when tension is applied to the inner 
membrane of a body that is linear at the initial state, buckling 
occurs at a distance L from the tip.  
When the body is straight, there is no bending moment. 
However, when the body is curved at a constant curvature, as 
shown in Fig. 4(b), moment is generated in the direction in 
which the body is curved and the bent. The moment  𝑇𝑇𝑡𝑡  from 
the tension applied to the tip of the robot generated at this time 
is expressed as 
𝑀𝑀𝑡𝑡 = 𝑇𝑇𝑡𝑡𝑑𝑑. (7) 
Moreover, if the distance from the bend corner to the tip is L, 
buckling occurs at the base when 𝑀𝑀𝑡𝑡 > 𝑀𝑀𝑓𝑓, so the equation of 
𝑇𝑇𝑡𝑡   at which bend occurs is expressed as  
𝑇𝑇𝑡𝑡 > 𝜌𝜌𝜇𝜇𝜌𝜌𝑑𝑑22𝑑𝑑 . (8) 
This mode was not confirmed when using water as the 
internal fluid and operating at low internal pressure and high 
ground pressure, but it was observed when air was injected at 
high pressure. 
(ii.) Straight-buckling 
When tension is applied to the inner membrane, bellow-like 
deformation occurs before the tip folds back. This 
phenomenon occurs at low pressure, contrary to (i). When the 
inner membrane is pulled from the tip and the body is 
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deformed in a bellows shape, the volume of the body decreases 
the force F𝑏𝑏  required to buckle the body from the tip. 
Therefore, the condition under which straight-buckling occurs 
is 
𝑇𝑇𝑡𝑡 > 𝐹𝐹0 > 𝐹𝐹𝑏𝑏. (9) 
(iii.) Elbow-bending 
This phenomenon is a phenomenon in which θ becomes 
larger when a force is applied to the inner membrane of the 
body that is originally bent at an angle θ. Once bend occurs, θ 
increases and the retraction fails. The condition under which 
bending occurs at a pre-bending angle θ is determined by the 
distance L from the bending point. The derivation of this 
condition is as follows. First, when the body is bent, the forces 
applied to it are as shown in Fig. 3. At this time, the condition 
that the tip of the body slips can be expressed by the balance 
of the moments: 
𝑀𝑀𝑡𝑡 + 𝑀𝑀𝑐𝑐 > 𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑀𝑀𝑝𝑝. (10) 
Combining Eqs. (2), (5), and (6), we find the condition for 
elbow-bending: 
𝑑𝑑𝑑𝑑𝐹𝐹0/��𝑑𝑑2�2 + 𝑑𝑑2 + 𝐹𝐹0𝑑𝑑�𝑒𝑒𝜇𝜇𝑏𝑏𝜃𝜃 − 1� > 𝜌𝜌𝜇𝜇𝜌𝜌𝑑𝑑22 + 𝑀𝑀𝑝𝑝 (11) 
To prevent elbow-bending, it is conceivable to increase 
𝑀𝑀𝑓𝑓 or decrease 𝑀𝑀𝑡𝑡,Mc. In this study, this was done by using 
water as the internal fluid because the density 𝜌𝜌 is increased 
when using water compared to using air. Additionally, the 
incompressible nature of water, enables filling the interior 
with liquid at a low pressure, so that the tensions Tt reduced 
and  𝑀𝑀𝑡𝑡 becomes smaller than 𝑀𝑀𝑓𝑓.  
(iv.) Elbow-buckling 
When the body bends at large angles, the force applied to 
the bending corner and base increases, and the body is buckled 
at the base before bending or retracting. Simultaneously, the 
tip of the body rotates in the direction in which θ decreases. 
When the force 𝐹𝐹𝑐𝑐 generated at the bending corner is applied 
and the tip of the body of length L slips, the following 
relationship is established: 
𝐹𝐹𝑐𝑐𝑑𝑑 > 𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜌𝜌𝜇𝜇𝜌𝜌𝑑𝑑22 (12) 
𝐹𝐹𝑐𝑐 > 𝜌𝜌𝜇𝜇𝜌𝜌𝑙𝑙2 . (13) 
The condition for generating elbow-buckling is expressed by 
the following equation: 
TABLE II.  SUCCESS RATE OF RETRACTION THROUGH THE BENDING POINT 
Length Diameter Weight Wire diameter 
1100 mm 50 mm 2318 g (at 100%) 0.1 mm 
𝐹𝐹𝑐𝑐 > 𝜌𝜌𝜇𝜇𝜌𝜌𝑙𝑙2 + 𝐹𝐹𝑏𝑏. (14) 
Here, 𝐹𝐹𝑐𝑐 is the frictional force generated at the bent part, and 
thus can be expressed by the following equation: 
𝐹𝐹𝑐𝑐 = 𝐹𝐹0(𝑒𝑒𝜇𝜇𝑏𝑏𝜃𝜃 − 1). (15) 
Therefore, for elbow-buckling to occur, the bending angle 𝜃𝜃 
and the bending tip length L must satisfy the following 
formula: 
𝐹𝐹0�𝑒𝑒
𝜇𝜇𝑏𝑏𝜃𝜃 − 1� > 𝜌𝜌𝜇𝜇𝜌𝜌𝑙𝑙2 + 𝐹𝐹𝑏𝑏 . (16) 
D. Retract through the bending point 
So far, we have described the retraction method from the 
tip to the bending point. In this section, we focus on the method 
of retraction through the bending point. The elbow-buckling 
discussed in the previous section can be avoided by reducing 
the pre-bending angle. However, the condition we calculated 
indicates that the elbow-bend always occurs during the 
retraction process. The reason is that independent of whether 
the pre-bending angle diminishes or whether the retraction is 
successful, L approaches 0. Consequently, 𝑀𝑀𝑓𝑓  becomes 
smaller than the bending moment. To avoid this phenomenon, 
it is necessary to increase the pressure and corresponding 
moment 𝑀𝑀𝑝𝑝 . However, there is a limit to the increase in 
pressure as explained in section I. Therefore, in this study, the 
strength when L is small was reinforced by a mesh tube to 
successfully retract the tip through the bending part. The 
method is explained in detail in section III-B. 
III. DESIGN 
A.  Torus-type tip-extending robot 
A first prototype of the proposed torus-type robot shown in 
Fig. 7 was made for performing our experiments. A 0.1 mm 
polyurethane sheet was used as a flexible material, and two 
sheets were welded and formed into a tube. This polyurethane 
tube was folded back to form a torus structure. The ends of the 
outer membrane were connected with a joint made by a 3D 
printer. Then, water was injected into the tube from the joint. 
The dimensions of the body of the robot are shown in Table I.  
B.  Torus-type robot with guide tube 
To make the torus-type robot less likely to buckle, we 
implemented a guide tube with a low coefficient of friction 
Fig. 7 Prototype of torus-type robot 
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(Fig. 1). This is the same configuration as that of the prototype 
with the guide tube inserted between the inner and outer 
membranes. The guide tube does not fold back with the 
membrane at the tip but slides along the direction of extension 
and contraction of the tip.  
This structure has two advantages compared to the 
prototype. First, a reduction in friction between the membranes 
is achieved. As described in section II-A, it is important to 
reduce the friction at the bending part for reducing the bending 
moment. Second, the stiffness of the robot is increased by 
adding the tube. The guide tube is made out of a high stiffness 
material, stiffer than that of the membrane, because it does not 
need to be folded back and must keep its shape while the robot 
moving. Additionally, to reinforce the body to prevent 
deformation, we added a nylon mesh tube. Nylon was selected 
because it is slippery and can bend greatly while maintaining 
radial strength. The mesh tube was inserted while compressing 
it in the longitudinal direction by half the length. It can be 
extended to the length of the mesh tube to be the same as the 
robot owing to its high elasticity. Furthermore, an ABS ring 
made by a 3D printer was fixed to both ends of the mesh tube 
to prevent it from being folded. 
IV. EXPERIMENTAL PROCEDURE 
A.  Experimental setup 
The experimental setup is illustrated in Fig. 8. A wire is 
welded to the center of the inner membrane of the torus-type 
robot and is connected to the motor (Dynamixel XH540-
V150-R, South Korea) via a pulley attached to the force gauge 
(FGP-5, Nidec-Shimpo Corp., Japan). When the motor was 
rotated and the wire was wound twice, wire tension was 
applied to the force gauge. We logged this tension until the 
motor stopped.  
In this experiment, we used volume filling rate to measure 
the filling amount of water inside the robot. The volume filling 
rate is defined as the ratio of the water volume to the maximum 
volume, which is estimated from the model described in III-A 
as 100%. This volume is measured by the mass of the water 
inside the robot. Note that the volume filling rate can be more 
than 100% because the film can stretch.  
The most important part of the failure retraction modes is 
to prevent elbow-bending. Straight-bending and straight-
buckling do not occur if the volume filling rate of water is 
sufficient, and elbow-buckling can be avoided by decreasing 
the bending angle. Therefore, in what follows, we 
experimentally verify the conditions for the generation of 
elbow-bending.  
B. Results 
(i.) Measurement of the buckling force 
To confirm the conditions that cause buckling, we conducted 
the experiment shown in Fig. 8 (b). We installed the torus-type 
robot and measured the maximum force when pushing 10 mm from 
the tip by using a force gauge attached on the guide rail. We 
measured the force by using four different volume filling ratios, i.e., 
95%, 100%, 110%, and 120%. The average value of 10 trials was 
defined as the buckling force 𝐹𝐹𝑏𝑏. The lowest pressure corresponds to 
the minimum value for retraction. 
(ii.) Tension owing to the pre-bending angle 
To verify the tension effect on the body as shown in II-B, 
we measured the change in tension caused by the change in the 
pre-bending angle. We setup the torus-type robot as shown in 
Fig. 8 (a). Then, we fixed the joint to the floor and let one side 
of the body rest on the acrylic plate. The body kept its elbow 
shape because of the friction from the acrylic plate. In this 
experiment, the initial shape was such that the body was bent 
at 500 mm from the joint and the length from the bending point 
to the tip was 500 mm. When the motor was rotated at a 
constant speed (approx. 44 mm/s), the wire connected to robot 
and motor pulled inner membrane to folded buck the tip. It 
stopped when the body bends. The tension was measured with 
a force gauge, and the average value of the tension for 10 
seconds after applying the tension was defined as the tension Tm applied to the inner membrane. The balance of the force 
applied to the inner membrane is as follows.  
Fig.8(a) Experimental set up; (b) Measurement of buckling force; 
(c) Measurement of tension at elbow shape 
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𝑇𝑇𝑓𝑓 = 𝐹𝐹0𝑒𝑒𝜇𝜇𝑏𝑏𝜃𝜃 . (18) 
We determined the coefficient of friction between the films 
at the bending corner by using the measured value of T and 
Eq. (18). The measured tension increased exponentially with 
the angle, as shown in Fig. 9 (a). The coefficient of friction 
was determined as 0.55 to be in line with the measured values. 
In the case the mesh tube was inserted, the folding back 
resistance (the force for 𝜃𝜃 = 0 ) increased owing to the 
restoring force of the tube. However, the coefficient of friction 
was 0.45, indicating that the tube was more slippery than the 
urethane film.  
 
In this experiment, when the pre-bending angle was 15° to 
45°, the tip of the robot was successfully retracted more than 
400 mm after that bend occurred. At 60°, buckling occurred 
first after the tip retracted a few millimeters. Then, bending 
occurred after further retraction. At 75°, buckling occurred 
without retraction.  
(iii.) Measurement of folding resistance 
 To verify the straight-buckling conditions explained in II-
C, we measured the folding resistance caused by the difference 
in the water filling rate. Following the same experimental 
procedure as in (ii), we measured the tension at a pre-bending 
angle of 0°. The measured tension Tm  is the same as the 
folding resistance 𝐹𝐹0.  
Fig. 9 (b) shows the folding resistance when the internal 
pressure is changed. The folding resistance is smaller than the 
experimentally determined buckling force between the 95% 
and 120% volume filling. Then, buckling did not occur under 
these conditions.  
(iv.) Bend start length measurement at elbow-bending 
The elbow-bending condition explained in II-C was 
experimentally verified. The length L from the bending point 
to the tip when bending occurred was measured at the same 
time as the experiment described in (ii). L was determined the 
average of 10 measurements.  
Fig. 9 (c) shows a comparison between the measured and 
theoretical value of the bending start length obtained from Eq. 
(12). The coefficient of friction between the acrylic plate and 
the polyurethane was 0.81, which was experimentally 
observed. The membrane was assumed to be sufficiently 
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bending angle; (b) Comparison between the folding resistance and 
buckling force; (c) Buckling start length.
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Fig. 10  Successful retraction at a pre-bending angle θ=45° 
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lighter than the internal fluid. The bending start length was 
actually much smaller than the theoretical value.  
(v.) Success rate of retraction through the bending point 
To verify the effectiveness of the guide tube for retraction 
through the bending point described in II-D, we compare the 
success rate for retracting (Table II). The success rate was 
calculated as the number of successful retractions through the 
bending point among 10 trials, as described in (iv). The results 
in Table II indicate that the success rate increases when the 
guide tube is inserted. Fig. 10 shows the return operation (also 
show in supplementary video). 
TABLE II.  SUCCESS RATE OF RETRACTION THROUGH THE BENDING POINT 
V. DISCUSSION 
Through this study, we present practical findings regarding 
a design method that aims to improve the success rate of 
retraction in a tip-extending robot. We suggest the following 
methods for improving the success rate for tip retraction. 
・Lower the folding resistance at the tip to prevent buckling at 
the bending point. For example, use a thinner membrane for 
the robot body or use a softer membrane with a lower 
coefficient of friction. 
・Reduce the friction at the bending point to limit buckling and 
bending by changing to a more stretchable membrane 
material or to a guide tube material with a low coefficient of 
friction. 
・Increase the density of the inner fluid to increase the ground 
pressure between the robot and the floor to prevent slippage. 
・Reinforce the guide tube to support body stiffness by 
choosing a stiff and slippery material and further compressing 
the guide mesh tube. 
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VI. CONCLUSION 
Summing up, in this study, we investigated the retraction 
failure through theoretical calculations and experimental 
procedures based on a torus-body tip-extending robot design. 
Additionally, we derived the conditions for the occurrence of 
buckling and bending. It was found that the retraction failed 
when the bending moment from internal tension exceeded the 
maximum resistance moment from the friction between the 
membrane and the environment. The length at which the bend 
started was about 40 mm shorter than the theoretical value. 
This is thought to be due to the increase in moment due to 
pressure and the rigidity of the membrane that were not 
considered. 
Further, we proposed three methods for successfully 
retraction: (1) Increase the resistance moment from friction 
with the external environment, (2) minimize the internal 
frictional resistance as much as possible, and (3) reinforce the 
robot body by inserting a guide tube. Certainly, inserting a tube 
enables retraction through the bending point. Thereby, 
retraction in a curved shape, as shown in Fig. 1, was also 
successful. 
The phenomena explored in this study, such as buckling and 
bending, do not necessarily mean retraction failure but show 
that one degree of freedom can allow a variety of actions 
depending on the conditions. Namely, it can also be used as a 
function that can generate a large force to the bending point. If 
this function is applied, not only a search robot, but also 
applications such as grippers and deployment mechanisms can 
be considered. In future work, we intend to establish the design 
policy of the guide tube and develop a branch structure. 
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